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Abstract

ii

We describe the conception, design, mathematical modeling,
construction, and test of a prototype acoustic test chamber intended
to support the performance of high-intensity acoustic target-effects
experiments on large targets at infrasonic frequencies. In initial
experiments, the test chamber produced continuous sinusoidal sound
pressure levels in excess of 140 dB over a frequency range of 5 to

20 Hz within a test volume of 5 m®.
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1. Introduction

For several years, the Department of Defense Joint Non-lethal Weapons
Directorate, through the U.S. Army Close Combat Armaments Center at
the Tank-Automotive and Armaments Command/Armament Research,
Development and Engineering Center (TACOM/ARDEC), has sponsored
an effort—the Nonlethal Acoustic Weapons (NLAWSs) program—to
demonstrate acoustic technologies that may be useful for nonlethal
weapons. The U.S. Army Research Laboratory (ARL) Nonlethal Acoustics
Group has supported the NLAWSs program with field and laboratory
measurements, technical advice, and research into the design of high-
intensity acoustic sources. Of particular interest for NLAW applications
are the effects of sound at very low audible or subaudible (infrasonic)
frequencies.

The generation of controllable and intense infrasound is a difficult prob-
lem. The very large wavelengths involved render most sources of high-
intensity sound (such as loudspeakers, sirens, or horn-coupled flow
modulators) inefficient or completely ineffective at frequencies below a
few tens of hertz.




2. Proposed Acoustic Test Chamber

In May 1998, the ARL acoustics team in consultation with ARDEC staff
addressed the problem of designing an acoustic test facility for acoustic
effects experiments. This conceptual facility would consist of a test cham-
ber and an associated source of acoustic energy. The goals for the test
facility design included (1) a test volume sufficient to hold test items and
associated experimental apparatus (about 5 m®), (2) a frequency range
capability from the lower audible range (about 20 Hz) down to the single-
digit infrasonic range (about 5 Hz), and (3) a uniform sound field in the
chamber with an accurately controllable intensity up to 160 dB.

The starting point for our design was some form of closed chamber
driven by acoustic energy from a flow modulator (to be provided by
ARDEC) and a compressed air source. A flow modulator is, in essence, a
valve that creates acoustic energy from a continuous airflow by varying
that flow with an aperture controlled by an electrical signal. As opposed
to loudspeaker sources that are limited to acoustic intensities near 140 dB,
flow modulators are capable of intensities limited only by the available
air pressure and atmospheric nonlinearities. As a matter of necessity

(to limit the exposure of personnel to high-intensity sound) and conve-
nience (a controlled, accessible, and weather-independent environment),
acoustic-effects experiments generally employ closed exposure chambers.
In addition, closed chambers make possible the concentration of the
acoustic energy in a small volume and offer the potential of increased
acoustic intensities from sources of limited power. Use of a closed cham-
ber also makes possible the amplification of acoustic intensities by tuning
the chamber to resonate at the desired frequency.

There are two types of resonant acoustic chambers: resonance tubes and
Helmbholtz resonators. The former operate at wavelengths no greater than
half their major dimension: to operate at 10 Hz, a chamber would have to
be at least 16 m long. In addition, resonance tubes by nature produce a
highly nonuniform sound field (standing wave). On the other hand,
Helmbholtz resonators operate at wavelengths greater than their largest
dimensions and produce uniform sound fields throughout the resonant
volume. After numerous brainstorming sessions, we decided that the
ideal infrasonic test chamber would take advantage of the high gain
present within a Helmholtz resonator yet have the frequency tunability of
a ported bass reflex enclosure. The test chamber would consist of a struc-
turally massive test chamber of moderate volume with a port vented to
free space and tunable for frequency selectability. The acoustic power
source to drive this chamber would be a high-flow dc air supply modu-
lated by an airflow modulator. We anticipated that sound pressures of
160 dB over a frequency range from 3 to 20 Hz would be achievable.
Figure 1 is a sketch of the proposed chamber.




Figure 1. Sketch of
proposed infrasonic
test chamber.

Figure 2. Electrical
circuit used to model
the test chamber,
source, and ports.

To evaluate the feasibility of this ported test chamber-Helmholtz resona-
tor, we modeled the overall system taking advantage of the fact that, since
we were working at infrasonic frequericies, the dimensions of the cham-
ber and ports are necessarily small compared to the acoustic wavelength.
This wavelength-to-chamber dimensional relationship allowed for a
significant simplification in modeling the response of the chamber since
acoustic lumped elements could be used to represent the reactive (energy
storage) and loss (dissipation) elements. Standard circuit analysis tech-
niques could then be employed to theoretically predict the frequency
response and sound pressure level (SPL) within the chamber.

Figure 2 shows the electrical circuit used to model the response of the
source, chamber, and ports. In this model, loss elements (port radiation,
viscous losses within the port, and wall-absorption losses) are modeled as
resistors. Air-mass displacement terms are modeled as inductors, and the
compressed air volume within the chamber is modeled as an acoustic
compliance or capacitance. The magnitude of the acoustic intensity inside
the chamber is simply the voltage across the chamber compliance/
capacitor C,.. The magnitudes of the following circuit elements were
derived either by hand or from Beranek [1] or Seto [2].

Tuning port
Signal source
WAS 3000 modulator

Compressed air source

Chamber

Modulator
) ac pressure V,
resistance Ry P out
M Q-
Port
mass
Map + Mgr
Source ac Port
ressure V Chamber —— Chamber losses
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Air compressor and I Tuning port
flow modulator Test chamber




The source terms are as follows: The equivalent source resistance R, in
pascals per meters cubed per second is

R, =P/v, (1)

where

P, = source pressure in pascals, and
v = volume velocity in meters cubed per second.

The chamber terms are as follows: The chamber compliance C,, in meters
to the fifth power per newton is

C,. = V/ped), ()

where

V = chamber volume,
p = density, and
¢ = speed of sound.

The losses through the walls R, is
Rwall = (2}/Po)/(ccabss)r (3)

where

y = specific heat = 1.4,
P, = atmospheric pressure in pascals,

C,ps = wall-absorption coefficient, and

S = wall surface area.

The port'terms seen by the chamber are as follows: The mass of air in the
port M, in kilograms per meter to the fourth power is

Map =(L+06a,) p/(ray), 4)

where

a, = radius of port, and
L = port length.

R,, is the viscous losses in the port:

R, (L/a,) +1) = (1/(may)) p2 @ ) /2, ()
where
w=2rf,
i = kinetic coefficient of friction = 1.56 x 10 m?2/s at 20 °C
and 0.76 mm Hg, and
f = frequency.

The port terms exterior to the chamber are as follows: The acoustic mass
of the front side of port M, in kilograms per meter to the fourth power is

M,, =0.23/a,, (6)

and the radiation resistance R 18

R, =(nf%p)/c. (7)




Figure 3. Predicted
and measured

response of prototype
test chamber with 23-
in.-diam, 4-in.-long
port attached. Upper
solid smooth curve is
predicted response
based on electrical
analog model in
figure 2. Jagged solid
curve is actual
measured response of
chamber. Other
curves are model
response calculations
altered to fit
measured response.

3. Theoretical Response of Test Chamber

The circuit shown in figure 2 can be thought of as a simple parallel
resistor-inductor-capacitor (RLC) circuit. If one solves the circuit
equations with the actual component values, this will show that the
circuit response is underdamped and, further, that the circuit forced
response simplifies to a single exponential function with a damping factor -
a equal to Reff Cac , Where R ;s the effective loss term from all the cham-
ber and port losses. The natural resonant frequency of the chamber and
port combination (in radians) is

, = ( woz —a?)172, (8)

where @, =1/(M of C, C)l/ Zand M off is the effective total acoustic mass of
the port (both internal and external terms).

A typical theoretical response for the circuit is shown by the upper
smooth solid curve in figure 3. For this case, the chamber consists of a 5 x
5 x 6.75 ft tank with a 23-in.-diam, 4.-in. long port, which is driven by a
modulated dc air supply of 6 psig (peak) at 1200 cfm. The response is
characterized by a resonant peak occurring at the natural resonant fre-
quency. The equation for ®,shows that the natural resonant frequency is
dominated by the reactive components in the circuit. Since the chamber
volume C,_is fixed, varying the length and, therefore, the inductance of
the port adjusts the resonant frequency. Table 1 summarizes the ampli-
tude and resonant frequencies to be expected from a 5 x 5 x 6.75 ft con-
crete chamber for some typical port dimensions. Also shown in the table
is the half-power bandwidth and corresponding Q for the chamber, which
is determined from the width of the resonance in the calculated circuit
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Table 1. Predicted
response of a 5X 5 X
6.75 ft concrete test
chamber when excited
by a modulated dc
airflow at 6 psig
(peak) and 1200 cfm.

Resonant Maximum Half-power

Sizeof  Length frequency amplitude bandwidth
Port shape opening (in.) (Hz) (dB) (Hz)/Q
Circular 23-in. diam 4 18.1 153.1 0.9/20.1
Square 162 30 7.6 155.7 05/15.2
Square 11 54 5.9 157.2 0.5/11.8

Note: The dc pressure values have been corrected by ac pressure fluctuations
measured at the modulator inlet.

response. (Q is a measure of the ability of the chamber to store acoustic
energy; it is the ratio of the energy density in the chamber to the energy
lost per cycle at the resonant frequency. Q is affected directly by the
chamber and port loss terms, since these terms represent the mechanisms
by which acoustic power is lost from the system.

Here, we summarize some of the trends predicted by the model:

The resonant frequency is inversely related to the square of the chamber .
volume (smaller volumes generate higher resonant frequencies).

The resonant frequency is proportional to the square of the port area
(larger port areas generate higher resonant frequencies).

The resonant frequency is inversely proportional to the square of the port
length (larger port lengths generate lower resonant frequencies). In other
words, if you want to increase the resonant frequency of a given size
chamber, you want to add ports with large diameters and short lengths.

The acoustic intensity in the chamber is maximized by minimizing the
equivalent modulator impedance (the source should produce a high flow
at low pressure with minimal restriction in the modulator).

Our first attempt at validating our lumped circuit model was to compare
our predictions to the theoretical response predicted using an ANSYS
physics software model [3]. The ANSYS model provided an excellent
unbiased comparison since ANSYS is a finite element modeling package
for solving the acoustic wave equations and did not use the lumped
circuit models for the chamber elements derived for our calculations.
Figure 4 shows the ANSYS prediction for the sound pressure in the

5 x5 x6.75 ft chamber and 23-in.-diam port combination discussed above
(see fig. 3 and table 1) when this chamber is driven by an acoustic signal
at 17.86 Hz. The resonant frequency predicted by the ANSYS model is in
excellent agreement with our lumped circuit model and provides inde-
pendent validation of the reactive elements in that model. As expected,
the figure also shows that the predicted SPL inside the chamber is nearly
uniform at resonance. Unfortunately, the ANSYS model cannot accurately
treat either the acoustic energy source and its coupling to the chamber or
the loss elements in the model and, therefore, cannot accurately estimate
the absolute intensity.




Figure 4. ANSYS finite-
difference calculation
for sound pressure at
17.86 Hz in prototype
test chamber with 23-
in.-diam, 4-in.-long
port.
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4. Analysis of Chamber Wall Losses

Figure 5.

Experimentally derived

and extrapolated
absorption coefficients
used to determine
value of R .

Equation (3), which defines R, is based on the acoustic absorption (or
absorption coefficient) C ;. of the inner wall surfaces. The absorption
coefficient is simply a decimal fraction representation of perfect sound
absorption (i.e., C,, = 0.1 means 10 percent absorption). The absorption
coefficient generally decreases with decreasing frequency.

The absorption coefficient used for our model was based on data for
unpainted concrete walls measured over a frequency range from 128 to
4096 Hz [4]. A frequency-dependent equation was then derived to ex-
trapolate these data to the frequencies of interest to our investigation
(<20 Hz). Figure 5 shows the experimentally derived absorption coeffi-
cients from Olson [4] as well as the extrapolated curve used to determine
the value of R, at lower frequencies. This figure shows that the extrapo-
lated absorption coefficients are 0.35, 0.39, and 0.56 percent at 5.8, 7.4, and
18.0 Hz, respectively. These extrapolated coefficients were then used to
calculate the value of R, in the theoretical model used to predict the
SPL within the chamber.

It is important to stress that at very low frequencies wall absorption is not
necessarily the dominant loss term for a structure. At large wavelengths,
the wall’s structural integrity, rigidity, or stiffness cannot be ignored, and
the work that goes into wall displacement (flexure) or vibration will
dominate. The loss factor associated with wall integrity cannot be easily
defined since it is uniquely dependent on the individual wall and fabrica-
tion process. Additional reference material located after the test chamber
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experiments were completed suggests that well-made (structurally rigid)
enclosures exhibit a wall absorption that decreases with frequency (see
fig. 5), with one exception. At low frequencies (a frequency value that
cannot be easily predicted since it is unique to the structure in question),
the coefficient flattens out to a constant value typically no less than
approximately 1 percent. The frequency at which the coefficient tends to
become constant is typically between 10 and 30 Hz.




5. Construction of Prototype Test Chamber

10

To validate the circuit model that we derived for the proposed test cham-
ber, we constructed and then tested an experimental prototype. The ideal
test chamber for these tests would be both infinitely massive and stiff to
eliminate wall absorption and vibration losses at these extremely low
frequencies. Since the ideal chamber is not achievable, we decided to use
a precast concrete chamber in hopes that we could minimize wall absorp-
tion while providing enough structural integrity to minimize vibration
losses. The chamber size (5 x 5 x 6.75 ft) was chosen as a compromise
between the need to minimize the chamber size to maximize the resonant
frequency yet maintain a large enough test volume to accommodate
larger test subjects.

The chamber is actually a commercially available 1000-gal. grease trap,
where the floor and four walls are tied together with No. 3 steel reinforc-
ing rods (rebar) spaced 12 in. on center and then precast at one time with
concrete. The concrete thickness is approximately 4 in. on the bottom and
3 in. on the walls. The chamber top or lid is cast as a separate piece and is
approximately 4 in. thick. In addition to using the same concrete mix and
rebar reinforcement found in the floor and walls, the lid is additionally
reinforced with 6 x 6 in. No. 10 gauge wire mesh. The lid was sealed to
the walls by a tar material placed around the top of the walls and com-
pressed by the weight of the lid. The lid contains two 23-in.-diam man-
hole ports. The manholes were tapered from 22V in. at the bottom to

24 in. at the top with a ledge to receive a manhole cover. For the experi-
mental tests, one access port was used to plumb in the air source while
the second access port was used to attach the tuning ports. Instrumenta-
tion cables entered the chamber through a 2-in.-diam hole made in a
4-in.-diam knockout plug near the top edge of the end wall.

Two interchangeable 1-ft? tuning ports were constructed from % in.
exterior grade plywood. The ports were reinforced in the corners with

2 x 3 in. battens and fastened together with wood screws and construction
adhesive. These tuning ports were then mounted to one of the chamber
manholes with an adapter made of a 4 x 3 ft sheet of % in. plywood with
a 1-ft? opening and an attached 6-in.-long tuning port. A skirt on one end
of the longer tuning ports would slip over the 6-in.-long port on the
adapter, resulting in tuning ports with total lengths of 30 and 54 in. The
adapter was attached to the access manhole by long bolts that passed
through the manhole to two 2 x 4 in. boards positioned across the under-
side of the manhole. An airtight seal was formed between the top of the
chamber and the adapter by a sheet of % in. foam board compressed
between the adapter and the chamber with the bolts.

The flow modulator was mounted on the inlet manhole with a similar
adapter. This adapter consisted of a cradle cut from 2 x 4 in. material to fit
the modulator and mounted on a 4 x 3 ft plywood sheet. A hole was cut




Figure 6. Concrete test
chamber, ports, and
MOAS modulator and
air source used during
experiments.

in the plywood to accept the end of a 4-in.-ID pipe elbow connected to the

output port of the modulator. The elbow was bolted at the 4-in.-diam hole
in the adapter plywood sheet, the modulator was strapped to the cradle,
and the whole assembly on the adapter plywood sheet was bolted
through the manhole as described for the tuning port adapter.

The air source used to excite the chamber consisted of the dc air supply
and air flow modulator from ARL’s Mobile Acoustic Source (MOAS). The
dc air supply is generated with a compressor driven by a diesel engine
that maintains a preset constant air pressure at the input to the flow
modulator. The airflow modulator is a Wyle Laboratories model WAS
3000. In essence, this modulator is a valve with an aperture that can be
varied linearly about the 50-percent open position by the application of
electrical waveforms with frequencies up to 300 Hz. The MOAS air source
and Wyle modulator could be operated at pressures from 2.7 to 15.0 psig
and corresponding dc air flow rates from 820 to 1890 cfm.

Figure 6 shows the concrete test chamber, ports, and MOAS source used
during the experiments. The flow modulator can be seen attached to the
lid of the chamber towards the back. A 30-in. port is attached to the
chamber lid near the front. Immediately in front of the chamber on the
ground is a 1-ft? X 54-in.-long port. The dc air compressor sits on the
flatbed trailer behind the chamber but is outside the frame of the picture.
Figure 7 shows a top view of the chamber lid with the WAS 3000 modula-
tor at the right mounted on its cradle and adapter (note the air hose from
the MOAS compressed air source) and the tuning port installed on the
adapter at the left.

11




Figure 7. Detail of test
chamber showing 1-ft2,
30-in.-long port and
modulator (with air
source supply hose)
mounted at access
hatch openings.

12




6. Instrumentation for Chamber Response Experiments

To characterize the chamber, four simultaneous measurements were
recorded in parallel on a digital audio tape (DAT) recorder, a digital
oscilloscope, and a waveform digitizer attached to a laptop computer.

Channel 1 of the recorder monitored the instantaneous air pressure
supplied to the modulator using a pressure transducer. This transducer
was mounted in an adapter connected by a short vinyl tube transition to a
fitting on the modulator inlet and secured with hose clamps.

Channel 2 monitored the pressure in the chamber using a microphone
and preamplifier that were centered in the chamber 30 in. from the floor
and walls and 32 in. from the end wall. (In the initial chamber response
measurements, two microphones were in the chamber 30 in. from the
floor and 24 in. from each end wall.) The microphone and preamplifier
were mounted on a tripod and positioned perpendicular to the flow of air
between the ports. The microphone cable was passed out of the chamber
through a 2-in.-diam hole cut in an access knockout near the top end wall.
An extension to the microphone cable brought the signal to the micro-
phone and preamplifier power supply in the van. The signal was then
routed to the data acquisition equipment in the van.

Channels 3 and 4 monitored accelerometers attached to the ceiling and
long side wall of the chamber, respectively. The sensors were mounted
inside the chamber near the center and perpendicular to the surface being
monitored. The sensors were offset from the center of the wall panels by
about 8 in. to allow room for the steel plates and braces used to stiffen the
walls and ceiling (see sect. 9). The accelerometers were screwed to
Plexiglas mounts glued to the surfaces with well-cured epoxy. The accel-
erometer cables were taped to the surfaces at intervals to prevent vibra-
tion noise, exited the chamber through the hole in the knockout, and were
connected to the charge amplifiers positioned on a table located outside
the chamber below the knockout. The signals from the charge amplifiers
were sent to the van through 50-ft-long coaxial cables.

The instruments used for the measurements are listed below:
e DAT recorder, Sony, model PC204A.
 Digital oscilloscope, Tektronics model TDS684A.
e Waveform digitizer, IOTech Wavebook/512.

e Roof accelerometer, Bruel & Kjaer model 4375, calibration factor (CF) =
0.318 pC/ms?.

e  Wall accelerometer, Bruel & Kjaer model 4375, CF = 0.321 pC/(m/ s?).
¢ Two charge amplifiers, Bruel & Kjaer model 2635, 0.1 mV/(m/ s?).

13
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Pressure transducer, PCB model 113A24, 190.5 psig/ V.

ICP amp/supply, PCB model 482B11.

Condenser microphone, Bruel & Kjaer model 4135, 278.55 Pa/ V.
Microphone preamplifier, Bruel & Kjaer model 2699.

Dual microphone power stipply, Bruel & Kjaer model 5935.
Acoustic calibrator, Bruel & Kjaer model 4321.




7. Initial Chamber Response Experiment

We performed three experiments using the concrete chamber. The first
experiment explored the acoustic response of the unmodified chamber
driven by the MOAS air source and modulator with each of the various
tuning ports and was intended to demonstrate proof of principle and verify
the design model, including the theoretical lumped circuit model and the
derivations for the individual circuit elements.

Figure 3 (p 5) shows the measured frequency response of the sound
pressure inside the chamber when the chamber was driven by a sine
wave swept from 5 to 50 Hz from the modulator with 6-psig input pres-
sure and with the 23-in.-diam, 4-in.-long port in use (ragged solid curve).
The observed resonant peak is at 18.3 Hz. This is within 2 percent of the
calculated frequency of 18.0 Hz (solid smooth curve in figure). Near
resonance, the chamber is uniformly filled (within 1 dB as measured
approximately 2 ft above the floor) with a very pure acoustic sine wave;
the waveform at 18.0 Hz is shown in figure 8. The spectral content of this
waveform as obtained by fast Fourier transform (FFT) analysis is shown
in figure 9. The second and third harmonics are more than 35 dB below
the intensity of the fundamental at 18 Hz. At 18.3 Hz, 99.8 percent of the
total acoustic energy is at the resonant frequency. Unfortunately, compari-
son of the measured and predicted response in figure 3 shows that the
intensity of the measured sound pressure at resonance is approximately
15 dB less than anticipated. Also, in comparison to the initially predicted
response, the measured response also shows a much wider peak at
resonance, corresponding to a substantially larger bandwidth and a lower
Q for the system than we predicted.

Figures 10 and 11 show results for equivalent tests using the 1-ft? x 54-in.-
long port and 6-psig input pressure to the modulator. Here, the observed
resonance is at 5.8 Hz (ragged solid curve in fig. 10); again, this is within
the measurement error of the calculated resonant frequency. The FFT of
the acoustic signal recorded at 5.8 Hz (fig. 11) confirms the purity of the
waveform at resonance in the chamber. Again, we can observe in figure
10 that the measured intensity in the chamber at resonance is over 15 dB
below the initially predicted level and that the measured bandwith is
greater than expected (Q is less than expected). Table 2 summarizes the
results of these tests. The data from tables 1 and 2 are compared in figures
12 to 14. Figure 12 compares the predicted and measured resonant fre-
quencies. This figure shows that the measured resonant frequencies are in
almost exact agreement (within 2 percent) with the predicted value. This
validates the derivation of each of the reactive elements in the model.
However, as we have noted, figure 13 shows that the SPL. measured for
each port configuration is about 15 dB less than expected. Figure 14
shows that in each case the half-power bandwidth at resonance is sub-
stantially greater than expected.
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Figure 8. Waveform of
acoustic signal in
chamber with 23-in.-
diam, 4-in.-long port
attached; 18-Hz
excitation.

Figure 9. Spectrum of
acoustic signal in
chamber with 23-in.-
diam, 4-in.-long port
attached; 18-Hz
excitation.

Figure 10. Predicted
and measured
response of prototype
test chamber with
1-ft2, 54-in.-long port
attached. Upper solid
smooth curve is
predicted response
based on electrical
analog model in
figure 2. Jagged solid
curve is actual
measured response of
chamber. Other curves
are model response
calculations altered to
fit measured response.
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Figure 11. Spectrum of 150 -
acoustic signal in 140
chamber with 1-f2,
54-in.-long port 130
attached; 5.8-Hz
excitation. 120
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|
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Table 2. Measured Resonant ~ Maximum Half-power
response for Size of Length frequency  amplitude bandwidth
5% 5x6.75 ft Port shape opening (in.) (Hz) (dB) (Hz)/Q
profotype conCHele  Circular  23-in.diam 4 18 143 27/67
eiscife ;‘;‘y ar M gSquare 1t 30 7.4 1414 1.8/4.1
modulated de air Square 1£t2 , 54 5.9 141.7 2.0/2.95
flow at 6 psig
nominal and
1200 cfm.
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Figure 13. Comparison
of predicted and .
measured sound
pressure level inside
test chamber for
various port
configurations.

Figure 14. Comparison
of predicted and
measured half-power
bandwidth at
resonance for various
port configurations.
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The discrepancies between the predicted and observed peak acoustic
intensities and predicted and observed system bandwidths indicate that
the system contains losses that we did not include in the initial model. In
our model, increased chamber losses correspond to a reduced value for
the parallel loss resistance (fig. 2). The dotted smooth curves in figures 3
and 10 correspond to system responses calculated with chamber losses
adjusted to match the bandwidth (or Q) of the measured response. This
adjustment also brings the modeled intensity at resonance into closer
agreement with the observations. Thus, based on the experiments
performed on the concrete test chamber, we can infer from the meas-
ured data that the actual equivalent absorption coefficients for the con-
crete chamber were 2.1, 1.9, and 2.2 percent at 5.8, 7.4, and 18.0 Hz,




Figure 15.
Comparison of
measured sound
pressure level inside
test chamber with
model predictions
modified to reflect
experimentally
derived absorption
coefficient.

respectively. These measured values are substantially (4 to 6 times) larger
than our extrapolated values. When the experimentally derived absorp-
tion factors are incorporated back into our chamber circuit model (in
effect we modified the theoretical half-power bandwidth or system Q to
match the measured data), the comparison between the measured and
predicted SPL is improved by nearly 10 dB (see fig. 15). The model still
overestimates the intensity by up to 5 dB (at 5.8 Hz). To match the ob-
served intensities at resonance, the loss term C,,. in the model was in-
creased (which leads to R, being reduced) still more (the lowest dashed
smooth curves in fig. 3 and 10). However, these curves are now too broad;
i.e., they no longer fit the observed system bandwidth or Q. Evidently, the
present model does not include some additional losses in the system that
are not associated with the chamber; such losses would not affect the
system Q. These losses may be associated with the modulator or with
coupling of the acoustic signal into the chamber.

Nevertheless, our modeling suggests that the majority of the additional
losses are accounted for by the observed change in system Q and are,
therefore, attributable to the chamber. This additional chamber loss can

* occur as either a radiation loss from the port (R ), viscous loss through

the port (Rap), or losses associated with the chamber walls (R ;). Because
of the overall geometry of the port and chamber and the associated
wavelength, it is very unlikely that there would be significant additional
losses associated with either viscous and radiation losses other than what
the model predicts. These loss values would need to be increased by
orders of magnitude to account for the measured response of the chamber

160
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(which is geometrically unfeasible). Following the first experiment, we
hypothesized that the most likely source for the additional loss was
absorption or transmission of energy by the chamber walls (see sect. 8).

An additional chamber loss term not accounted for in the model may
result from the dc airflow from the modulator literally blowing energy out
the port. At resonance, the chamber and port exchange acoustic energy in
the form of the potential energy of air compression in the chamber and
kinetic energy in the motion of the air mass in the port. If sound-induced
kinetic energy in the port air mass is blown out of the port by the dc
airflow such that it cannot react back on the chamber, that energy is lost to
the system. Additional experiments described in section 9 detail a set of
measurements to investigate this possible effect.




8. Chamber Wall-Stiffening Experiment

The actual absorption coefficient that we inferred from the initial chamber
response experiment suggests that the coefficient for this chamber tended
toward a constant value of approximately 2 to 3 percent, as opposed to a
frequency-dependent loss of less than 1 percent as extrapolated from the
literature (see fig. 5). This fact lends support to our hypothesis that the
additional loss we measured is due to the structural integrity of the
chamber. With this in mind, in a second set of experiments we attempted
to increase the rigidity of the chamber by adding reinforcing and stiffen-
ing members. We also instrumented the chamber with accelerometers to
measure deflections in the walls induced by the sound pressure.

The chamber was stiffened by the addition of heavy steel rods that tied
together opposite walls to reduce symmetrical expansion and contraction
(breathing mode) flexure of the chamber. To install the rods between the
larger walls, we first drilled small holes through the centers of the top and
bottom and larger (6 ft 9 in. x 5 ft) sides. We then installed 1-in. cold-
rolled steel rods between the top and bottom and larger sides with 1-ft
steel plates as washers on either side of the concrete walls. An epoxy-
based paint was also applied to the interior of the chamber to increase the
hardness of the inner wall surface.

Accelerometers were installed on the walls and lid to determine the
degree of wall flexure. These accelerometers measured the movement of
the side wall and lid during the experiment. The direction of the move-
ment measured was perpendicular to the plane of the wall or lid. The
purpose of the measurements was to determine the deflection or flex in
the wall and lid caused by the sound pressure on the inside of the cham-
ber. The power dissipated in this motion could be considered a loss to the
system that would result in the lowered resonance amplitude of the
chamber.

Figure 16 shows the effect of this attempt to stiffen the chamber walls on
the measured acoustic response of the chamber. The addition of the steel
rods produced no detectable change in the SPL measured inside the
chamber (i.e., no improvement in absorption).

A general calculation to find the maximum bound on the power dissipa-
tion associated with a surface is to multiply the pressure P, the surface
area of the surface in motion A, the deflection of the surface d,, and the
angular frequency of the deflection f:

P =PA dpTf)/V2 . )

surface

We find the deflection of the surface by taking the double integral of the
acceleration data with respect to time; this yields

d, = a/2nf)?, (10)

21




Figure 16. Comparison
of measured response
of chamber with 23-
in.-diam, 4-in.-long
port attached before
and after chamber was
stiffened with steel
rods.
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where 4 is the measured peak acceleration at f. To calculate the total
power dissipation associated with this deflection, we double P
account for the opposite surface.

to

surface

Table 3 lists the peak acceleration found from calculating the fast Fourier
transform (FFT) of the data, the SPL in the chamber, and the resulting
power dissipation.

We obtained the peak values in table 3 by performing FFTs on the mea-
sured data and recording the peak values of each FFT at the resonant
frequency of 18 Hz. Representative FFTs of the SPL and wall and lid
acceleration are shown in figure 17. The poor sensitivity of the accelerom-
eters produced raw measured data that were very close to the noise floor
of the recording equipment and may have produced some spurious
results. Fortunately, the inherent narrow-band filtering of the FFT algo-
rithm minimized the noise and produced reliable data. As expected, the
data show a trend in the direction of increasing wall absorption and
larger wall deflections at higher sound pressures. The calculated power
loss by chamber wall flexure was not drastically changed by tightening of
the braces. However, the calculated power losses under both conditions
are very low. For instance, at 8 psig with the braces tightened, the calcu-
lated total power loss for the four largest surfaces in the chamber is just
3.6 W. This may be compared with a total acoustic power of about 3700 W
impinging on those four surfaces. At a chamber Q of 3, this corresponds
to a power dissipation of 1230 W. Evidently, the wall-deflection measure-
ments cannot account for the acoustic chamber losses that we actually
measured.

Our conclusion from this experiment is that the added steel rods caused
only minor changes in the measured wall acceleration (displacement) and
no detectable effect on the chamber’s acoustic absorption. In hindsight
this is not a surprising result. If a well-made (structurally rigid) chamber




produces absorption coefficients on the order of 1 percent, and we are
already seeing coefficients near 2 percent, then we would have had to
have made substantial structural changes just to pick up an additional
1 percent absorption improvement.

Table 3. Peak Power
measured wall Inlet Wall Lid Chamber - dissipation
acceleration at 18-Hz  Brace pressure  acceleration acceleration  pressure (4 surfaces)
values and resulting  status (psi) (m/s?) (m/s?) (Pa) W)
?alc;lﬂat;d power loss 1 oose 6 0.0137 0.00932 319 0.28
In chamber walls. 12 0.191 0.05192 469 43
Tightened 2.7 0.0658 0.0664 223 1.1
8 0.126 0.116 397 3.6
12 0.137 0.127 480 49
2The low value may be erroneous; the FFT was unlike others measured at the
same location.
Figure 17. A portion of
FFTs of chamber wall o 0.06 ; : . . . : .
accelerometer signals 2 0.04
indicating magnitude £~ 04r i
of chamber sound 38 0.02} i
pressure level at 18 Hz §
and responses of S 14 15 16 17 18 19 20 21 22
accelerometers to this
force.
5 :-@\ 1 X 10—8 T T T T T T T
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—i§ g 05h -
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9. Loudspeaker Drive Experiment

24

As noted in section 7, we theorized that the excess acoustic losses in the
chamber might result from the dc airflow through the chamber and port
associated with the operation of the air compressor-modulator acoustic
source. To explore this possibility and to verify the chamber response
when it is driven by a pure ac sound source (no unidirectional airflow
component), we performed a third experiment with the chamber driven
by a loudspeaker rather than the MOAS source and modulator. We
mounted a JBL 18-in.-diam low-frequency dynamic driver at one of the
hatch openings in the chamber in place of the WAS 3000 modulator and
drove this loudspeaker with audio-frequency sweep tones from 5 to 30
Hz to record the chamber response. Figure 18 shows the measured re-
sponse (ragged solid curve) of the loudspeaker-chamber system with the
tuning port closed (no chamber resonance).

Also shown in figure 18 is the predicted response (solid smooth curve) of
the loudspeaker-driven chamber calculated with the chamber frequency-
dependent wall-absorption value shown in figure 5. We calculated the
predicted response from an electrical analog model similar to that dis-
cussed in section 3 for the modulator-driven system. A simplified sche-
matic of this model is shown in figure 19. The loudspeaker equivalent
loss, mass, and compliance were calculated from the published Thiele
parameters for the JBL speaker used in the tests [5]. Above ~10 Hz the
calculated response agrees reasonably well with the observed response,
with the exception of an unexplained kink in the measured response at
~17 Hz. Figure 20 shows the measured and predicted (with frequency-
dependent wall absorption) response of the loudspeaker-driven chamber
to excitation of the 23-in.-diam port.

Even though no attempt was made in this test to maximize the SPL in the
chamber (e.g., by applying the maximum allowable drive to the loud-
speaker), we achieved a respectable continuous SPL in excess of 120 dB at
18 Hz using a simple audio power amplifier-loudspeaker combination as
the audio signal source. This simplified arrangement for the test chamber may
be useful for effects testing at reduced sound intensities. The measured re-
sponse again shows a kink not predicted by the model. We also show

a response curve calculated using a fixed value of 0.03 for the wall-
absorption coefficient; if we ignore the kink, this curve is a reasonable
match to the measured response and indicates an effective chamber Qof
about 4.5. Therefore, the chamber Q and absorption measured with the
loudspeaker drive is comparable to that measured with the modulator
drive (table 2 and fig. 3), and we conclude that the dc airflow associated
with the modulator did not cause substantial additional acoustic losses
under our operating conditions. This experiment also indicates that the
unexpectedly high acoustic losses we observed must be associated with
the chamber rather than the acoustic driver.




Figure 18. Measured
and modeled
response of chamber
with closed port
excited by JBL 18-in.
loudspeaker. Jagged
solid curve is
measured response;
smooth curves are
model responses
calculated with initial
(upper curve) and
modified (lower
curve) chamber
absorption.

Figure 19. Electrical
circuit analog of
chamber driven by
loudspeaker used for
model calculations.

Figure 20. Measured
and modeled response
of chamber with 23-
in.-diam, 4-in.-long
port excited by JBL

18-in. loudspeaker.
Jagged solid curve is
measured response;
smooth curves are
model responses
calculated with initial
(upper curve) and
modified (lower curve)
chamber absorption.
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10. Optimizing the Acoustic Intensity Within the
Chamber

Current experiments have shown that we can develop SPLs of approxi-
mately 143 dB inside our experimental concrete test chamber driven by
the MOAS source operating at its nominal conditions of 6 psig and

1200 cfm. The MOAS source is limited to a maximum pressure of 15 psig
at 1890 cfm. At this level, we would induce a maximum SPL of approxi-

- mately 148 dB: far less than our target SPL of >160 dB. The reason for the
poor energy transfer is the substantial mismatch between the modulator
impedance and the chamber impedance. Figure 21 shows that the acous-
tic impedance of the chamber when tuned to 18 Hz is approximately 2 kQ.
The WAS 3000 modulator on the other hand presents a very high imped-
ance, over 67 kQ), at its nominal operating parameters of 6 psig and
1200 cfm (fig. 22). The modulator is a high impedance device; it is de-
signed to optimally couple to horns, which employ high throat imped-
ance. (The horn that the WAS 3000 modulator normally drives employs a
throat diameter of 4 in., which translates to an impedance of nearly
50 kQ—not a bad match for the 67-kQ modulator.) Figure 22 shows that
the large impedance mismatch between the modulator (R,)) and the
chamber is in effect a substantial voltage divider between the source and
the chamber. To minimize this mismatch, the effective modulator imped-
ance must be lowered to match the chamber impedance at resonance.
Therefore, the only way to extend the SPL above our 148-dB limit is to replace
the WAS 3000 modulator with a modulator with a larger port area (lower
acoustic impedance).

A realistic minimum-impedance modulator (largest port area) that can
operate within our frequency range would present an impedance in the
low kilohm range. Using a modulator with a larger port area also gives us
the opportunity to increase the capacity of our air supply. ARDEC has
purchased a centrifugal blower air source that theoretically has the capac-
ity to provide 3400 cfm at 28 psig. By using the centrifugal blower as the
air source and a new modulator with a larger port area, we expect to
generate SPLs inside the chamber in excess of 155 dB. One drawback to a
new modulator, though, is that it would produce only pure continuous
tones, whereas the WAS 3000 modulator is capable of producing complex
modulated waveforms. To use the centrifugal blower air source with the
WAS 3000 modulator does not appear feasible since the air temperature
produced by the centrifugal blower would damage this modulator.
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11. Conclusions

Table 4. Summary of
measured and
projected test
chamber results.

28

We have designed, modeled, constructed, and performed response meas-
urements and analysis on a prototype acoustic test chamber intended to
support high-intensity acoustic target-effects experiments at infrasonic
frequencies. The experiments and analysis presented here have success-
fully demonstrated our design concept and show that we can generate
high-intensity infrasonic sound pressure levels over a test volume large
enough to accommodate complex experiments on large test items. Initial
tests showed that SPLs of at least 143 dB could be generated over a
frequency range of 5 to 20 Hz within a test volume of 5 m?. Modeling’
results indicate that further upgrades to the system (use of a high-capac-
ity centrifugal blower air source, a specially designed low-impedance
modulator, and an optimized chamber design) should allow us to extend
the SPL to at least 155 dB. Finally, we note that continuous sound intensi-
ties near 120 dB were easily achieved in the prototype chamber when a
simple power amplifier-loudspeaker combination was used as the audio
signal source. This simplified arrangement for the test chamber may be

useful for effects testing at reduced sound intensities. Table 4 summarizes
our findings.

Demonstrated Theoretical
SPL maximum Complex
Source (dB) (dB) modulation
Loudspeaker 120 123 Yes
MOAS 143 148 Yes
Centrifugal blower/ — 155 No

new modulator
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